Introduction
Retinoic acid (RA), the biologically active metabolite of vitamin A, plays important roles in vertebrate development, cellular growth and differentiation (for references, see Blomhoff, 1994; Sporn et al., 1994; Kastner et al., 1995) . RA exerts its biological functions through two families of ligand-inducible nuclear receptors. The RA receptors, RARa, /? and y, are activated by both all-trans (T-RA) and 9-cis (9C-RA) RAs, while the 'retinoid X' receptors, RXRa, /3 and y, are activated by 9C-RA only. These receptors regulate gene expression by binding to RA-responsive elements (RAREs) located in the regulatory regions of their target genes (reviewed in Chambon, 1994 Chambon, , 1996 Gig&e, 1994; Mangelsdorf and Evans, 1995) .
To further investigate the role of RA in development, it is important to identify novel RA-responsive target genes that may act during embryogenesis.
RA can induce the differentiation of mouse P19 embryonal carcinoma (EC) cells into the three germ layer derivatives and these cells have been widely used as a model system to study the early steps of mammalian embryogenesis (reviewed in MC Burney, 1993; Gudas et al., 1994) . We have recently described a cDNA differential screening procedure which led to the identification of several RA-responsive genes in P19 cells (Bouillet et al., 1995) . We report here that one of these corresponds to a novel Wnt gene, which is the first murine gene belonging to the subfamily whose members have been described in Xenopus (Christian et al., 1991; Sidow, 1992; Cui et al., 1995) , zebrafish (Kelly et al., 1995) and chicken (Hume and Dodd, 1993) . We Copyright 1996 Published by Elsevier Science Ireland Ltd. All rights reserved also show that mWnt-8 gene expression is highly restricted during mouse gastrulation and neurulation, both temporally and spatially, and that ectopic rostra1 expression occurs in cultured embryos exposed to exogenous RA. We discuss the evolutionary relationship between m Wnt-8 and other members of the Wnt-8 gene family.
Results

Cloning of m Wnt-8, a novel mouse Wnt gene
Numerous novel cDNA fragments corresponding to RA-induced genes in P19 cells have been isolated (Bouillet et al., 1995) . One of them, referred to as Strall, displayed -72% identity with the Xenopus Xwnt-8 (Christian et al., 1991) and the chicken Cwnt-8C (Hume and Dodd, 1993) cDNA sequences. Thus, it is termed hereafter mouse . The original Strall/mWnt-8 cDNA fragment was used as a probe to isolate full-length clones from an oligo(dT)-primed AZAPII cDNA library prepared from RA-treated PI9 cells. Two clones were obtained, which differed only by the length of their 5' sequence. The longer clone contained 1747 nucleotides (nt) and the shorter lacked the first 51 nt. A polyadenylation signal (AATAAA) was present near the 3' end of the cDNA clones. The predicted 354 amino acid-long open reading frame is shown in Fig. 1 . No in-frame stop codon could be found upstream of the putative ATG start codon, leaving open the possibility that translation may initiate further upstream. Expression in COS-1 cells from a pSG5-based expression vector (Green et al., 1988) containing the full length cDNA generated a protein with a molecular mass of -40 kDa consistent with that of the predicted protein (Fig. 2) . The mWnt-8 protein displayed 61-64% sequence identity with its closest homologues in the Wnt family (Xenopus Xwnt-8: Christian et al., 1991; chicken Cwnt-8C: Hume and Dodd, 1993; and zebrafish Wnt-8: Kelly et al., 1995) and 76-81% similarity when conservative changes were taken into account (Table 1) . Out of the 22 cysteine residues which are conserved between the other Wnt family members (Gavin et al., 1990 ) (see Fig. l ), 20 are also conserved in mWnt-8 and two additional cysteine residues (position 294 and 297 of the mouse protein) are conserved in six out of the seven Wnt-8 sequences described to date ( Fig. 1) (Christian et al., 1991; Sidow, 1992; Hume and Dodd, 1993; Cui et al., 1995; Kelly et al., 1995) .
Expression features of mWnt-8
Reverse transcription-polymerase chain reaction (RT-PCR) assays were carried out to study the RA-inducibility of the mWnt-8 gene in different cell lines. mWnt-8 RNA accumulation was clearly induced upon RA treatment of P19 EC and D3 embryonic stem (ES) cells (Fig. 3 ) whereas no induction could be detected in F9 EC cells (not shown). Kinetic experiments showed that mWnt-8 RNA accumulation could be detected in P19 cells after 2 h of treatment with either 1O-8 or 1O-6 M RA, and reached a plateau by 12 h (data not shown; see Bouillet et al., 1995) . A similar experiment in D3 ES cells showed an increase in RNA levels during the first 24 h followed by a decrease during the next 24 h (Fig. 3) . RT-PCR was also used to investigate the overall expression of mWnt-8 in mouse embryos from 9.5 to 12.5 days post-coitum (dpc). The highest transcript levels were found at 9.5 days and there was a dramatic decrease over the 2 following days (Fig. 3B) . No mWnt-8 signal could be detected by 12.5 dpc (Fig. 3B ). Note that, even at 9.5 dpc, the expression level was relatively weak since 25 cycles of PCR amplification were required to obtain the signal detected in Fig. 3B , whereas only 20 cycles were carried out in the experiment, shown in Fig. 3A . We have also performed RT-PCR assays on several adult organ RNAs. No expression of mWnt-8 could be detected in brain, he , lung, liver, kidney, spleen, female genital tract or testis from adult mice (data not shown).
In situ hybridization analysis showed a temporally restricted expression pattern of mWnt-8 from the beginning of gastrulation to early somitogenesis. We therefore compared the distribution of mWnt-8 transcripts to those of the T (Brachyury) gene which mark the primitive streak and newly formed mesoderm (Wilkinson et al., 1990) . mWnt-8 transcripts were undetectable in 6.25-6.5 dpc embryos which consist of a bi-layered 'egg-cylinder' comprising all inner pseudo-stratified sheet (the epiblast or embryonic ectoderm which will give rise to the three embryonic germ layers) surrounded by the hypoblast, a single cell layer of primitive endoderm (data not shown). mWnt-8 transcripts were first detected in early to mid primitive streak-stage embryos (6.75-7.0 dpc) where mesoderm formation has just begun. A limited posterior region of the epiblast was specifically labelled (Figs. 4A and 5A) . At this stage, mWnt-8 transcripts co-localized with those of the T gene which are known to be expressed in the early primitive streak region (Wilkinson et al., 1990) (Fig. 5A ). There was no evident mWnt-8 labelling in the mesoderm or primitive endoderm (Fig. 5A , and data not shown). Labelling did not extend proximally in the extra-embryonic ectoderm (Figs. 4A and 5A). Late primitive streak/neural plate stage (7.25-7.5 dpc) embryos, characterized by extensive lateral migration of the mesodermal cell layer toward the head process, showed specific expression of mWnt-8 in a wide posterior region of the embryonic ectoderm (Figs. 4A and 5B,C). Transcripts extended from the distal tip of the conceptus to the posterior limit of the embryo, but stopped at the base of the allantoic rudiment, and hence did not extend into extra-embryonic regions (Figs. 4A,B and 5D). Labelling gradually decreased toward lateral regions of the posterior epiblast (Fig. 5B,C 
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OTCWLOLPEFREVGTYLKERYHKALKVDLLOG- streak ( Fig. 5B) , there was no clear labelling in the mesoderm which had exited from the streak (Fig. 5B,C) . At these stages, mWnt-8 expression diverged from that of the T gene whose transcripts were restricted to the primitive streak and adjacent mesoderm and to the notochordal plate (Wilkinson et al., 1990) (Fig. 4B , and data not shown).
Danio Wnt-8B
Embryos at 7.5-8.0 dpc (headfold, presomite stage) are characterized by the rapid development of the headfolds and the relative 'posterior regression' of the primitive streak. At these stages, mWnt-8 was still strongly expressed in most of the embryonic ectoderm including part of the ectoderm which has undergone neural induction rostrally to the primitive streak. There was a sharp rostra1 expression boundary at the base of the developing headfolds (Figs. 4C and 5E ). There were also welldefined lateral boundaries of expression (Fig. 4D) . Interestingly, mWnt-8 expression was not confined to the ectoderm, but was detected at lower levels in the mesoderm of posterior regions (Figs, 5F,G and 6B). As seen earlier, mWnt-8 36B4 expression of mWnt-8 RNA. Total RNA was extracted from mouse embryos at day 9.5, 10.5, 11.5 and 12.5 dpc. mWnt-8 RNA was analyzed by RT-PCR as described (Bouillet et al., 1995) .
mWnt-8 transcripts did not extend to the allantois or other extra-embryonic regions (Figs. 4C and 6B,F). The expression of mWnf-8 was sharply down-regulated during the processes of somitogenesis and turning of the embryo. Interestingly, 8.0-8.5 dpc embryos (prior to rotation) showed restricted mWnt-8 signal in the prospective fourth rhombomere (Fig. 4F) . Some slightly older embryos (in the process of turning) showed weak labelling which was unambiguously restricted to rhombomere 4 (data not shown). At the same stage, restricted labelling was also detected in posterior regions of the neurectoderm (Fig. 4F ). Older embryos (9.0-16.5 dpc), analyzed either Table I Amino acid sequence comparisons between mouse (m), Xenopus (X), chick C) and zebrafish (Z) Wnt-8 proteins Comparisons are based on BESTFIT analysis with the Genetics Computer Group program using default parameters. Percent identities and percent similarities (given in parentheses) are indicated. Numbers in brackets denote the percent identities and similarities when the 73 non-conserved amino acids of Xwnt-8B are taken into account for calculation. Cwnt-8B is a 130 amino acid partial sequence.
qf Development 58 (1996) hf, headfold; hp. head process; np, notochordal plate; ps, primitive streak; r4, rhombomere 4; tb, tail bud.
by in situ hybridization on whole-mounts or histological sections, showed no detectable signal (Fig. 4E and data not shown). The signal detected by RT-FCR analysis at 9.5 dpc (Fig. 3) may thus correspond to residual transcript Ievels in rhombomere 4 and/or in caudal regions of the neural plate. We have compared mWnt-8 transcript distribution to those of mWnt-3A and mWnt-SA, two members of the murine Wnt gene family which are known to be expressed during gastrulation (Takada et al., 1994) . As previously described, mWnt-3A was expressed at -1.5 dpc in the primitive streak region (both in the ectoderm and newly formed mesoderm) and its transcripts did not extend beyond the node region at the distal tip of the embryo (Figs. c?f Development 58 (1996) 141-152 A, anterior; al, allantoic rudiment; di, distal; ec, ectoderm; ep, epiblast; hf, headfold; me, mesoderm; ng, neural groove; P, posterior; pr, proximal; ps, primitive streak. Left-hand-side panels are bright-field views showing the histology and right-hand-side are darkfield views where the signal grain appears white.
4B and 6C). mWnt-8 appeared to be co-expressed with mWnt-3A in the ectoderm and mesoderm adjacent to the primitive streak, but its transcripts extended beyond those of mWnt-3A toward lateral and rostra1 regions of the ectoderm (Figs. 4B and 6B ). The divergence of both expression patterns was even more conspicuous at -7.75 dpc, since mWnt-3A transcripts remained confined to the posterior (primitive streak) region of the embryo whereas mWnt-8 transcripts extended much more rostrally within the ectoderm (compare Fig. 6F to 6G ). In addition, mWnt-3A was expressed in part of the extra-embryonic mesoderm at the base of the allantois (Fig. 6G) , whereas mWnt-8 expression stopped at the embryoniclextraembryonic border delimited by the attachment site of the A, anterior; al, allantois; am, amnion; e, ectoplacental cavity; P, posterior; ps, primitive streak.
amniotic membrane (Fig. 6F) . The mWnt-8 expression domain was also distinct from that of mWnt-5A which, at these stages, appeared to be expressed. only in the extraembryonic mesoderm of the allantois (Fig. 6D,H) . Both mWnt-3A and mWnt-5A were expressed until at least 10.5 dpc in the tail bud, which replaces the primitive streak in generating new mesodermal cells at the caudal extremity of the embryo (Takada et al., 1994) (Fig. 4E , and data not shown). In contrast, we found no expression of mWnt-8 in the tail bud, both on whole-mount preparations (Fig. 4E ) and cryosections (data not shown). We examined the expression of mWnt-8 in response to administration of exogenous RA in 7.0-7.5 dpc cultured embryos. Embryos were cultured for 6 h in the presence or absence of T-RA (lpg/ml culture medium) and processed for whole-mount in situ hybridization. No changes in morphology were evident after RA treatment. Cultured embryos exposed to RA for 6 h showed an expression domain of mWnt-8 that expanded into more anterior regions of the neural plate than in control embryos (compare Fig. 7A to 7B and 7C to 7D); the ectopic anterior transcript boundary extended rostra1 to the preotic sulcus (Fig. 7B ) which corresponded to the anterior limit of expression in control embryos (Fig. 7A) . We also analyzed the expression of Hoxb-I under the same conditions of RA exposure. We found that the Hoxb-1 expression domain was very similar to that of mWnt-8, both in control and in RA-treated embryos where its expression was also ectopically induced rostrally to the preotic sulcus (data not shown; see also Conlon and Rossant, 1992) .
Discussion
Vertebrate Wnt genes, which encode a family of secreted polypeptide factors related to the Drosophila wingless gene product, are believed to be involved in various intercellular signalling pathways during embryogenesis (Parr and McMahon, 1994 , and references therein). At least ten different Wnt genes have been cloned in the mouse and some of these can be grouped as closely related paralogues (Gavin et al., 1990; Parr and McMahon, 1994) . We report here the cloning of a novel murine Wnt gene which was identified in a cDNA differential screening for genes induced upon RA treatment of P19 embryonal carcinoma cells (Bouillet et al., 1995) . We note that several known Wnt genes have been reported to be induced by RA treatment of P19 cells (Smolich and Papkoff, 1994) and that mWnt-56 was also isolated in our differential screening study (our unpublished data). Sequence analysis showed that the novel Wnt protein sequence contains 20 out of the 22 cysteine residues which are highly conserved between Wnt gene products (Gavin et al., 1990) . Although it displays sequence similarities (35-4 1% overall identity) with other characterized murine Wnt gene products, it is more similar (57-65% overall identity) to the Wnt-8 gene products from Xenopus, zebrafish or chicken. Therefore, our novel mouse Wnt gene So far, two Wnt-8 genes have been characterized in Xenopus: Xwnt-8, which initially defined this subfamily (Christian et al., 1991) , and Xwnt-8B (Cui et al., 1995) . Two zebrafish orthologues have recently been identified (Zwnt-8 and Zwnt-8B; Kelly et al., 1995) . Two Wnt-8 genes have also been found in the chick: Cwnt-8B (Hollyday et al., 1995) and Cwnt-8C (Hume and Dodd, 1993) . Our novel mWnt-8 sequence exhibits a higher similarity with than to any of the three Wnt-8B genes (56-57%). However, these degrees of similarity do not unequivocally indicate that mWnt-8 is an orthologue of Xwnt-8 and/or Cwnt-8C. For instance, the overall sequence conservation between the three orthologous Wnt-8B genes is 82-92% (see Table 1 ).
The expression of Xwnt-8 is temporally restricted to the gastrula and neurula stages, and spatially restricted to cells of the marginal zone with the exception of its dorsal region or organizer field (Christian et al., 1991) . The Xwnt-8 gene product was shown experimentally to provide ventral character to newly induced mesoderm (Christian and Moon, 1993) . The expression pattern of Zwnt-8 is similar, in the sense that it is specific of the non-involuted cells of the blastoderm margin, but also includes the embryonic shield which is equivalent to the organizer (Kelly et al., 1995) . In addition, Zwnt-8 was found to be expressed maternally at the 24 cell stage, and to be specifically expressed in paraxial mesoderm, and later in the tailbud mesoderm (Kelly et al., 1995) . We have not investigated a possible maternal expression of mWnt-8. The early expression of mWnt-8 in the epiblast adjacent to the primitive streak may be analogous to that of Xwnt-8 and Zwnt-8 in non-involuted cells of the blastoderm margin. Accurate comparisons are, however, difficult due to the marked morphological differences between gastrulae of these three species. Expression in paraxial mesoderm also appears to be a feature common to mWnt-8, is not expressed in the tail bud, whereas Xwnt-8 and Zwnt-8, which are expressed in the tail bud, do not show widespread expression in the neural plate like mWnt-8. These data suggest either that mWnt-8 and Xwnt-BLTwnt-8 are not true orthologues, or that some of their expression features have diverged during evolution. We also note that both Xwnt-8B and Zwnt-8B display discrete expression patterns in the developing central nervous system, especially at the level of the forebrain-midbrain and midbrain-hindbrain boundaries (Cui et al., 1995; Kelly et al., 1995) which are not exhibited by mWnt-8. This further supports the view that mWnt-8 is probably not an orthologue of the Wnt-8B genes.
Interestingly, even though mWnt-8 and Cwnt-8C do not exhibit a particularly high sequence similarity, their respective expression features are essentially similar. Cwnt-8C transcripts are detected slightly prior to gastrulation in a patch of epiblast cells in the posterior marginal zone (Hume and Dodd, 1993) . During gastrulation, they are additionally detected in the primitive streak and in mesodermal cells lateral to the streak. During regression of the primitive streak, Cwnr8C remains expressed in the lateral plate mesoderm and in the neural plate with a rostral boundary at the level of the presumptive hindbrain. Clearly, this expression pattern appears similar to that of mWnr-8 at the corresponding stages. Our present data do not enable us to conclude whether the expression of mwnr-8 starts shortly before the onset of gastrulation or during early gastrulation, but do not exclude the first possibility. Cwnr-8C transcripts retreat rapidly from the neural plate in a cranial to caudal direction. Similarly, mWnr-8 expression is restricted to the posterior regions of the neural plate shortly before becoming undetectable at -8.0 dpc. However, in contrast to Cwnr-8C, mWnr-8 is not expressed in the tail bud.
As observed for Cwnr-8C (Hume and Dodd, 1993) , mWnr-8 transcripts remain transiently expressed in the developing fourth rhombomere.
This expression domain may derive from the rostra1 extremity of the widespread earlier expression domain of mWnr-8 in the neural plate. mWnr-8 expression is restricted to the presumptive fourth rhombomere prior to the formation of rhombomere boundaries and apparently disappears when these boundaries become morphologically discernible. Thus, the mWnr-8 product may provide an early signal for the determination of rhombomere 4 identity, possibly by allowing the induction of specific genes, such as Hoxb-1, in this rhombomere (Frohman et al., 1990; Murphy and Hill, 1991) . We note that the zebrafish Wnr-8B gene is expressed in a reciprocal manner in rhombomeres 3 and 5 (Kelly et al., 1995) .
It appears, therefore, that the major expression features of mWnr-8 and Cwnr-8C are similar, suggesting that these genes may be orthologous genes, in spite of their relatively poor sequence similarity. Indeed, other murine
Wnr genes usually show higher sequence conservation (-90% amino acid identity) with their avian counterparts (Hollyday et al., 1995) . However, the mouse and chick
Wnr-4 genes are less conserved (74% amino acid identity), indicating that some Wnr genes may undergo a higher divergence rate (Hollyday et al., 1995 (Takada et al., 1994) . It is likely that mWnr-8 performs distinct signalling functions, especially during neural induction or early neural plate patterning.
It was recently reported that, although Xwnr3A was not a direct neural inducer, it was able to specify posterior character in the neuroectoderm of Keller sandwiches . Xwnr-8 belongs to the same functional class as Xwnr3A (Du et al., 1995) . In this respect, we would like to propose that mWnr-8 could be one of the mediators of the 'transformation' process which generates posterior structures in the neuroectoderm. The model proposed by Nieuwkoop (1952) states that, after the early gastrula is 'activated' to an anterior (forebrain-like) state, posterior structures arise through the 'transformation' of some cells to posterior fates (hindbrain and spinal cord) by signals emanating from the posterior mesoderm. It was subsequently proposed that RA may be one of these signals, since its systemic administration to Xenopus or mouse embryos generates excess of posterior structures at the expense of anterior structures (Durston et al., 1989; Conlon and Rossant, 1992; Conlon et al., 1995) . The presence of endogenous RA has been demonstrated in the chick and mouse Hensen's node, the equivalent of the amphibian organizer, located at the rostra1 extremity of the primitive streak (Chen et al., 1992; Hogan et al., 1992) . RA is believed to diffuse posteriorly and induce the expression of target genes such as the Hoxa-I and Hoxb-1 homeobox genes (Conlon et al., 1995 , and references therein). These two genes are activated from the posterior end of the embryo up to a definitive rostra1 boundary in the presumptive hindbrain (Frohman et al., 1990; Murphy and Hill, 1991; Sundin and Eichele, 1992) . Headfold stage embryos harbouring a retinoid-responsive transgene consisting of tandem RAREs linked to a minimal promoter-1acZ reporter gene display similar expression of the transgene in posterior regions of the embryo with a similar sharp rostra1 boundary (Rossant et al., 1991 (Rudnicki et al., 1987) . F9 EC cells and D3 ES cells were cultured as described (Wang et al., 1985; Lufkin et al., 1991) . Differentiation was induced by adding T-RA (Sigma) in ethanol and control cells were treated with an equal volume of ethanol.
RNA extraction and analysis
Total RNA was isolated from cultured cells or mouse embryos according to the method of Auffray and Rougeon (1980) followed by removal of contaminating DNA by sodium acetate precipitation. RT-PCR were as described (Bouillet et al., 1995) . Oligonucleotide primers used in this study were QR127 (5'-AAGTCAGCC-AGCTGCAGCCAA) and QR 128 (5'-GGTGGAATT-GTCCTGAGCAT), which allowed the amplification of a 418 nt-long sequence corresponding to nt 241-658 of the cDNA.
cDNA cloning and sequencing
Natural matings between C57BL6 x SJL Fl hybrid mice were set up overnight for mice under a normal light cycle or between 1000 and 1200 h for mice placed under a reverse light cycle. Embryos were collected at various times of the day to obtain a range of distinct developmental stages over the gastrulation phase. Staging of the embryos was established upon embryological landmarks according to HCbert et al (1991) , Kaufman (1992) and Downs and Davies (1993) . The developmental age (dpc) attributed to various stages is not precise due to variability both within and between litters (see e.g. Downs and Davies, 1993) . Embryos were dissected out of the Reichert's membrane for whole-mount in situ hybridization with digoxigenin-labelled probes, or sectioned in utero up to 8.5 dpc for in situ hybridization with 35S-labelled probes on histological sections. The latter technique was performed both on cryosections, which provide a higher sensitivity, and on paraffin-embedded embryo sections for precise histological resolution. Both procedures allowed the detection of mWnt-8 transcripts. The in situ hybridization procedures are described in Dtcimo et al. (1995) . The riboprobes were produced from the full length mWnt-8 cDNA cloned into pBluescript (Stratagene). The in situ hybridization probes for T (Brachyury), mWnt-3A and mWnt-5A have been described previously (Wilkinson et al., 1990; Takada et al., 1994) . A 254 nt m Wnt-8 partial cDNA clone (referred to as Strall) was isolated in a cDNA differential screening search for RA-induced genes in P19 cells (Bouillet et al., 1995) . The corresponding full-length cDNA was obtained by screening an oligo(dT)-primed LZAPII cDNA library prepared from RA-treated P19 cells with the original Strall cDNA fragment (corresponding to residues 191-444). Plasmids were excised from 1 phages by in vivo excision (Stratagene).
The DNA sequence was determined on both strands on an ABI373A automated DNA sequencer (Applied Biosystems Inc., Foster City, CA). DNA homology search was performed at the National Center for Biotechnology Information (Bethesda, MD) using the BLAST and FASTA network services.
Whole embryo culture and RA treatment
Mouse embryos were cultured from presomitic stages (7-7.5 dpc) as described previously (New, 1990) . Cultured embryos were exposed to T-RA, predissolved in absolute ethanol, at a final concentration of 1 pg/ml culture medium. Control cultures received an equal volume of absolute ethanol alone. The embryos were prepared for in situ hybridization after 6 h of culture.
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